ABSTRACT
INTRODUCTION
Most eukaryotic precursor mRNAs contain intronic sequences that are normally removed by splice machinery. The major spliceosome in the nucleus recognizes canonical consensus sequences (1, 2) while the minor spliceosome recognizes non-canonical consensus sequences. Nonsensemediated mRNA decay (NMD) is a widely-conserved mechanism to remove transcripts containing a premature termination codon, which is often found in aberrant RNA splice products (3) (4) (5) (6) .
U5 snRNPs (small nuclear ribonucleoprotein particles) are necessary for both the major and minor spliceosome machinery in conformation remodeling, a key stage in spliceosome activation (7) (8) (9) . Eftud2 (elongation factor tu GTP binding domain containing 2, also called Snu114), a core component of U5 snRNPs, is a GTPase (10) . Binding of GTP/GDP to Eftud2 plays a pivotal role in spliceosome dynamics (11) . Disrupting the GTP binding domain of Eftud2 in Saccharomyces cerevisiae results in unspliced mRNAs and lethality (12) , suggesting an irreplaceable role of eftud2 in RNA splicing.
Several studies have reported that haploinsufficiency of EFTUD2 is linked to mandibulofacial dysostosis, GuionAlmeida type (MFDGA) (13) (14) (15) (16) (17) (18) (19) (20) , a syndrome characterized by microcephaly, midface hypoplasia, micrognathia and an abnormal appearance of the external ear (18) . However, it remains to be addressed how EFTUD2 mutations cause the multiple neurological symptoms in MFDGA patients.
The zebrafish is a wonderful vertebrate model for studying neurogenesis (21, 22) . Neural stem cells are self-renewing cells that have the potential to generate neurons, astrocytes and oligodendrocytes (23) (24) (25) . Zebrafish neural development starts at the gastrulation stage (26) . SoxB1 family member Sox2 is enriched in neural progenitors and is required for their maintenance (27) (28) (29) . During late gastrulation, neural progenitors start to express pro-neuronal genes, such as the basic helix-loop-helix-containing neurogenin1 (ngn1), which promotes the differentiation of neuronal progenitors (30, 31) . Shortly after gastrulation, intermediate filament nestin starts to appear in neural progenitors (32) . After division and migration, neural progenitors exit from the cell cycle and form young post-mitotic neurons that express Elavl3 (ELAV-like neuron-specific RNA binding protein 3, also known as HuC) (31) . Gliogenesis proceeds during neurogenesis, when the cytoskeletal protein glial fibrillary acid protein (GFAP) is mainly expressed in mature astrocytes (33) . The balance of neural progenitors undergoing proliferation, differentiation, and/or programmed cell death ensures proper populations of each type of cell in the central nervous system (CNS) (24, 25, 31, 34) .
Here, we report the isolation and cloning of a novel zebrafish mutant, fn10a, that showed abnormal neurogenesis during early development, a phenotype recapitulating that of MFDGA patients. Positional cloning revealed that the spliceosomal gene eftud2 was mutated in this mutant. Further molecular analyses revealed that eftud2 is required for neuronal progenitor development by regulating the transcriptome-wide splicing of transcripts, particularly in the p53 and cell-cycle pathways. Therefore, eftdu2 fn10a allowed us, for the first time, to determine the function of eftud2 in neuronal progenitor development and provides a suitable animal model for further determining the molecular pathology of MFDGA.
MATERIALS AND METHODS

Zebrafish husbandry
fn10a mutant and wild-type TL and WIK zebrafish were raised in an aquarium system at 28.5
• C based on the 'IMMXiongJW-3 protocol that was approved by the Peking University Institutional Animal Care and Use Committee, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Positional cloning of the fn10a locus fn10a was isolated in an ethylnitrosourea-induced mutagenesis screen for zebrafish cardiovascular mutants in the TL background at the Cardiovascular Research Center, Massachusetts General Hospital, Boston, MA. The genetic mapping strain fn10a/WIK was created by crossing heterozygous fn10a with wild-type WIK zebrafish. Phenotypically wild-type and mutant embryos were collected from pairwise mating of heterozygous fn10a/WIK zebrafish and scored for the brain apoptosis phenotype and pericardial edema at 48 hpf. Genomic DNA was isolated from individual fn10a mutants and their siblings (either genotypically wild-type or heterozygous for fn10a). The fn10a locus was mapped to Chromosome 3 using 500 simple sequence length polymorphism (SSLP) markers that were generated in the Fishman Laboratory at Massachusetts General Hospital, Boston (35) . Further chromosome walking was performed by amplifying SSLP sequences and SSLP-based genotyping with 3300 meioses of mapping DNA. We carried out Sanger sequencing of genomic DNA and mRNA to identify the defective gene eftud2 in the fn10a mutant locus. This mutation was further confirmed by the lack of Eftud2 in fn10a mutants in western blots, rescuing the fn10a mutant phenotype with eftud2 mRNA, and phenocopying the fn10a mutant phenotype with eftud2 morphants.
Construction and injection of neural progenitor reporters
The neuronal-glial reporter plasmid clone gfap-EGFP (36) was kindly provided by Dr Jiulin Du (Shanghai Institute for Biological Sciences, Shanghai). The neuronal progenitor reporter 6.9 kb ngn1-EGFP was constructed as described (37) . Plasmids (30 ng/l) were injected into fn10a mutants and siblings at the one-cell stage. Injected embryos were cultured at 28.5
• C until they were harvested and fixed at the indicated time points.
cRNA and morpholino injections
The upf1, eftud2 and eftud2 fn10a coding sequences were amplified from wild-type or fn10a mutant cDNA libraries, and then cloned into the pCS2+ vector using ClaI and SnaBI restriction endonucleases. Capped mRNAs of upf1, eftud2 and eftud2 fn10a were synthesized using SP6 RNA polymerase (mMESSAGE mMACHINE ® Kit, Ambion, Austin, TX, USA). eftud2 or eftud2 fn10a mRNA (230 pg) was injected into embryos at the one-cell stage from mating crosses with heterozygous fn10a zebrafish, and injected embryos were scored for the mutant phenotype at 36 h post-fertilization (hpf). An ATG morpholino (MO) for eftud2 was designed by and purchased from Gene Tools LLC (Philomath, OR) and the p53-MO and upf1-MO were as previously reported (38) . The sequences of the p53-MO, eftud2-MO, and upf1-MO are listed in Supplementary Table S3. Eftud2-MO and/or upf1 mRNA were injected into wild-type embryos at the one-cell stage, and injected embryos were collected at 36 hpf for isolation of total RNA and quantitative RT-PCR.
In situ hybridization
Whole-mount in situ hybridization was performed as previously described (39) . PCR fragments for tuba, nestin, map2, eftud2, foxa3 and wt1a were amplified from a 48 hpf embryonic cDNA library and confirmed by Sanger sequencing; the T7 RNA polymerase binding site was introduced to make anti-sense RNA probes. Digoxigenin-labeled probes were synthesized using T7 RNA polymerase (Roche). The RNA probes of pax2a, myoD, cmyb, lyzC, amhc and vmhc were synthesized as previously reported (40) .
Immunostaining, cryosections, and apoptosis assay
For whole-mount immunostaining, embryos at 36 and 48 hpf were fixed in 4% paraformaldehyde (41) for 30 min and then digested in 10 g/ml proteinase K for 40 min. For immunostaining of cryosections, embryos at 36 and 48 hpf were fixed in 4% PFA, washed in phosphate-buffered saline plus Tween-20 (PBST), embedded in 25% sucrose for 1 h, and then transferred to 35% sucrose at 4
• C overnight. Embedded embryos were transferred into optimal cutting temperature (OCT) compound. Cryosections of the brain (4 m) and the spinal cord (10 m) were cut on a microtome (Leica, Wetzlar, Germany). The following antibodies were used: anti-mouse Huc (1:100, Invitrogen 16A11), anti- 
Western blot
Protein samples were isolated from 36 hpf fn10a mutants and siblings. The yolk was removed by pipetting with 21G needles in PBS containing complete protease inhibitors (42) . The embryos were ground and incubated in RIPA lysis buffer with protease and phosphatase inhibitors (42) . AntiEftud2 (1:1000, Sigma HPA022021), anti-tubulin (BE0031, EASYBIO) and anti-␤-actin (1:1000, Cell Signaling 4967L) were used for western blots as previously described (40) .
RNA-Seq library preparation, sequencing and mapping
Total RNA of 36 hpf fn10a mutants (mutant group) and siblings (WT-sibling group) were isolated using Trizol reagent (Sigma). Each sample containing 30 embryos was used for RNA-Seq assays and real-time PCR. To prepare cytoplasmic and nuclear RNA, embryos were collected and dechorionated at 36 hpf. The yolk was removed by pipetting with PBS containing complete protease inhibitors (42) using 21G needles. The cytoplasmic and nuclear fractions were then separated with a PARIS kit (AM1921, Life Technologies). Aliquots of the cytoplasmic and nuclear lysates were saved for western blot analysis. RNA was isolated by mixing cytoplasmic or nuclear lysate with the lysis/binding solution and purified using a filter cartridge. Purified RNAs were incubated with DNase I for 30 min at 37
• C to remove residual genomic DNA and purified again using an RNAeasy kit (74104, Qiagen). Aliquots of nuclear and cytoplasmic RNAs were saved for quality testing by RT-PCR. RNA-Seq assays were performed by the Beijing Genome Institute (BGI, Shenzhen). The wild-type control group (WT-control group) of 36-hpf embryos was generated from mating crosses between wild-type TL zebrafish. We used the deoxy-UTP approach to prepare strand-specific libraries as previously reported (43) . RNA-Seq was performed on an Illumina HiSeq2000 platform. Nuclear and cytoplasmic RNA-seq was performed under a standard protocol in BIOPIC, Peking University. RNA-Seq reads were mapped on the Zebrafish Genome Sequence (Zv9) by Tophat (v2.0.8). Our in-house evaluation pipeline implemented a series of Perl (v5.12.2), Python (v2.7.5) and R (v2.13.1) scripts to assess the quality of the RNA-seq experiments (44) . RefSeq gene structure data were downloaded from the ftp site of the UCSC genome browser on 2014.1.12. RNA-seq data in this study have been uploaded to GEO under accession number GSE78106.
Calculation of splicing efficiency
Similar to the exonic inclusion ratio 'percent spliced in', we named the intronic exclusion ratio 'percent spliced out' (PSO) (45) . The value of PSO, which varies between 0 and 1 for evaluating the proportion of junction reads, was calculated as the percentage of correct splicing from the total junction reads. We mapped RNA-Seq reads using Tophat2 to elicit the anchoring problem, i.e. several bases of junction reads mapped to an intron.
Identification and characterization of abnormally retained introns in fn10a mutants
To identify intron retention (IR) in fn10a mutants, we counted the number of junction reads supporting IR or excision in the WT-sibling, WT-control and fn10a mutant groups. Then we performed Fisher's exact test on the 2 × 2 contingency table. Introns with a false-discovery rate (FDR) corrected P-value <0.001 in both mutant versus WT-sibling and mutant vs WT-control were further identified as described (46) . Briefly, for each intron, we counted the median coverage of introns and its flanking exons, and then performed statistical inference as described (47) . Introns with FDR corrected P-values <0.001 were identified as statistically affected. Genes were clustered using DAVID (http://david.abcc.ncifcrf.gov/) for functional enrichment analysis.
We divided all introns of RefSeq transcripts into three groups: the 653 most severely retained introns found previously (retIntron), other introns in the 484 affected genes (retGenes Other introns), and introns in other RefSeq genes (refGenes). For each group, we calculated the GC content in five regions: the 5 exon, 30 bp of intron adjacent to the 5 exon, the intron, 30 bp of intron adjacent to the 3 exon, and the 3 exon. We compared the splicing strength by maximum entropy modeling of short sequence motifs in the three groups of introns defined above (48) .
RNAscope in situ hybridization
Embryos were collected at 36 hpf and fixed in 4% PFA for 45 min at room temperature. Whole-mount in situ hybridization was performed using an RNAscope (BROWN) kit (320497, Advanced Cell Diagnostics, ACD) as described (49) . For cryosections, fixed embryos were impregnated with 15%, 25% and 35% sucrose, then frozen in OCT embedding medium, and sections were cut at 10 m. Fluorescent in situ staining was performed according to the user's manual supplied by ACD (320293, Advanced Cell Diagnostics). The intron-containing probes ccnb1 (intron 3, chr5:54090296-54091076) and tardbp (intron 2, chr6:45937988-45938509) were designed by ACD and the control probes odc1 and dapB were provided by ACD.
Statistical inference of differential gene expression
Differential expression was assessed using R package DEGseq (50) . We defined genes with expression fold changes ≥2 and FDR adjusted P-values <0.001 as significant. Differentially expressed genes were clustered by DAVID for functional enrichment analysis. 
RESULTS
The fn10a mutant has severe defects in the CNS and spinal cord
As a part of a study of ethylnitrosourea-induced mutagenesis of the zebrafish genome, we isolated the novel neuronal mutant fn10a. This mutant had a smaller head, abnormal brain development with a number of dead cells in the head region, and a curled-up tail by 36 hpf ( Figure 1A ') compared with wild-type siblings ( Figure 1A ). TUNEL assays revealed that apoptotic cells were primarily located in the CNS and spinal cord of fn10a mutants ( Figure 1B' ) compared with their wild-type siblings at 36 hpf ( Figure 1B ). We then tested whether neuronal development is interrupted in this mutant. Whole-mount RNA in situ hybridization was performed with RNA probes for the neuronal progenitor marker nestin, newly-formed neuronal marker map2, mature neuronal marker tubulina (tuba), and the neuronal patterning marker pax2. Intriguingly, nestin was normally expressed ( Figure 1C ') while map2, tuba and pax2 were all down-regulated in fn10a mutants ( Figure 1D '-F') compared with their wild-type siblings ( Figure 1C-F) . These data suggested that neuronal differentiation is disrupted, probably due to neuronal progenitor apoptosis in fn10a mutants.
Positional cloning identifies eftud2 as the defective gene in the fn10a locus
Positional cloning was performed to determine the molecular nature of the mutations in fn10a mutants. The fn10a locus was first mapped to Chromosome 3 by using 500 SSLP markers. Bulk segregation analyses narrowed the fn10a locus to a 200-kb interval between markers 10j-9 and 219o-30 ( Figure 2A) . By sequencing the exons of genes in this interval, we found a C-to-T mutation in exon 24 of eftud2, which caused a premature stop codon at Q808 ( Figure 2B ; arrow). Comparing the cDNA sequences of the mutant (T) and wild-type (C) alleles in heterozygous fn10a mutants, we found that the mutant allele appeared to be much less abundant ( Figure 2C ; right panels), while the genomic DNA sequences of both mutant and wild-type alleles were equal ( Figure 2C ; left panels). This result was verified by western blots showing that Eftud2 proteins were undetectable in fn10a mutants ( Figure 2D ). These results suggested that fn10a mutant transcripts are not stable, probably due to NMD. To confirm that eftud2 was the mutated gene in fn10a, we injected one-cell embryos with either eftud2 fn10a or wild-type eftud2 mRNA, and then carried out TUNEL assays. Consistently, >80% of the fn10a mutants were rescued to decrease TUNEL-positive cells by wild-type eftud2 mRNA, but <20% by eftud2 fn10a mutant mRNA ( Figure  2E ). The mutant phenotype that was partially rescued by the eftud2 fn10a mutant mRNA further suggested that the truncated Eftud2 fn10a protein has partial function but its mRNA is not stable. Together, these genetic and epistatic analyses showed that eftud2 is the mutated gene in the fn10a locus.
Zebrafish Eftud2 is highly conserved, its human homolog EFTUD2 showing 91.5% sequence identity in amino acids (Supplementary Figure S1) . Eftud2 is known to be one component of the spliceosome, and plays a key role in spliceosome remodeling (10, 11) . To address eftud2 function in zebrafish neuronal development, we began by examining the expression pattern of eftud2 during embryogenesis. Wholemount RNA in situ hybridization revealed that eftud2 was widely expressed at early stages (from 3 to 16 hpf) and gradually concentrated in the brain and eyes from 24 to 48 hpf, suggesting that eftud2 is a sustained requirement for brain development ( Figure 2F ). Since eftud2 was widely expressed at early stages, we tested whether other organ patterning and/or development were affected in this mutant. To our surprise, the majority of organ-specific markers tested were not or little affected in fn10a mutants, including the skeletal-muscle marker myoD, which was normally expressed in somites (Supplementary Figure S2A, A') ; macrophage-specific lysozyme C was slightly reduced (Supplementary Figure S2B , B'); the definitive hematopoietic marker cmyb appeared to be normal ( Supplementary Figure S2C, C') ; the digestive organ-specific marker foxa3 was normally expressed, except for less in the pancreas (Supplementary Figure S2D , D'); the kidney-specific markers pax2 and wt1a were normal (Supplementary Figure S2E , E', S2F, F'); and ventricle-specific myosin heavy-chain (vmhc) and atrium-specific myosin heavy-chain (amhc) were also normally expressed, although cardiac looping was defective (Supplementary Figure S2G , G', S2H, H'). Together, these results suggested that Eftud2 plays an essential role in neuronal development while it has little or no function in the development of other organs. 
Eftud2 is required for the maintenance and differentiation of neuronal precursors
To address which cell types in the brain and spinal cord were affected in eftud2 mutant embryos, we determined the colocalization of TUNEL + apoptotic cells and neuronal/glial cells by immunostaining for the neuronal progenitor marker Sox2, the immature post-mitotic neuronal marker Huc, and the glial marker GFAP (Figure 3) . From 36 to 48 hpf, apoptotic cells stained by TUNEL were well co-localized with Sox2 in the brain ( Figure 3B , B') and spinal cord ( Figure  3M ', N') of fn10a mutants compared with wild-type siblings ( Figure 3A, A', C, C', M, N) . However, apoptotic cells overlapped less with Huc and Gfap in the brain ( Figure  3F , F') and spinal cord ( Figure 3O ', P', Q', R'). These results suggested that eftud2 is required for the survival of neural progenitors rather than differentiated neurons. Besides, the neurons and glia labeled by Sox2, Huc or Gfap in the spinal cord were severely deformed, suggesting an arrest of neural fate shift during early development ( Figure  3M -R and M'-R'). To confirm the above results, we used the neuronal progenitor reporter ngn1:GFP and neuronalglial cell reporter gfap:GFP for more sensitive labeling of these lineages (36, 37) . Consistently, ngn1:GFP + cells were co-localized with apoptotic cells, but gfap:GFP + cells rarely underwent apoptosis (Supplementary Figure S3) . Together, these results suggested that mutation of eftud2 leads to apoptosis in neural progenitors and the subsequent disruption of neural differentiation.
We then asked whether the proliferation of neuronal progenitors was affected in fn10a mutants. The mitotic phase marker phosphorylated histone 3 (pH3) was used to label proliferating cells. Co-staining for pH3 and TUNEL at 36 hpf revealed that mitotic neuronal progenitors rarely underwent apoptosis in the brain ( Figure 3J , L and J', L') and spinal cord ( Figure 3S '-T', and U'-V') in fn10a mutants. However, at 48 hpf, increased numbers of proliferating neural progenitors were undergoing apoptosis in fn10a mutants, accompanied by abnormal chromosome segregation in most pH3-positive nuclei in both the brain ( Figure  3L , L ) and spinal cord ( Figure 3T , V ), consistent with a previous report that knockdown of eftud2 in HeLa cells leads to metaphase alignment problems and consequently mitotic exit arrest, mitotic cell accumulation and cell death (51) . These data suggested the occurrence of a burst of neural progenitor proliferation accompanied by the loss of these progenitors due to cell-division problems and apoptosis, probably reflecting a feedback mechanism in fn10a mutants. Transcriptome-wide splice efficiency is compromised in eftud2 fn10a mutants
We then used RNA-seq to investigate how disrupting eftud2 affected the transcriptome in fn10a mutants. We compared the transcriptomes in fn10a mutants (−/−), wild-type fn10a siblings (+/− and +/+), and a wild-type controls (+/+) at 36 hpf (Supplementary Figure S4) . To characterize mRNA structures accurately, we adopted a strand-specific poly(A)-positive strategy and generated 413.7 million 100-bp pairedend reads in total. Among these, 330.5 million reads were uniquely mapped to the zebrafish genome (Zv9/danRer7), of which nearly 30% (98.3 million) reads had one or more junctions.
We assessed the capacity for intron removal, i.e. the splicing efficiency, in fn10a mutants. Similar to the parameter 'percent spliced in' for exons, the intron-centered index PSO was calculated to assess the splicing efficiency for each intron as previously described (45) . The PSOs in fn10a siblings (+/− and +/+) and wild-type controls (+/+) appeared to be comparable, suggesting that mutation in one allele of eftud2 has no effect on RNA splicing in zebrafish. In contrast, we found a transcriptome-wide decrease of splicing efficiency in fn10a mutants. Binning introns in mutants according to their PSOs, we found that, no matter whether the value for each bin was low or high, the corresponding PSO values were lower in the mutant group than those in both the sibling and wild-type groups ( Figure 4C ). By selecting 10 introns, of which seven were from seven different genes and three from one randomly-selected gene (NM 130955), we confirmed their IR in fn10a mutants by RT-PCR (Figure 4H; Supplementary Figure S5) . The same IR transcripts were also found in eftud2 morphants (Supplementary Figure S5 ). Thus, mutation of eftud2 had a major impact on the transcriptome by generating a large amount of IR transcripts. Importantly, the intron-containing transcripts ccnb1 and tardbp were enriched in the mutant brain (Supplementary Figure S6C' -D'), consistent with the major defects in the CNS of this mutant (Figures 1 and 3) . In particular, ccnb1 (also called cyclin B1) is a cell-cycle kinase necessary for the G2/M transition, and tardbp (also called TAR DNA binding protein) is required for RNA splicing and is a causative gene in some neurodegenerative disorders (52) . Considering that NMD can eliminate aberrant transcripts (53,54), we reasoned that there would be more IR transcripts than those that we were able to identify, since a fraction of them were degraded immediately in fn10a mutants.
Eftud2 mutation leads to aberrant intron-retention and exonskipping
Since splicing efficiency was compromised by eftud2 mutation, we anticipated to find aberrant splicing events and related features in fn10a mutants. We hypothesized that the abnormalities of U5 snRNP would impact on splicing regulation and such impact might be selective between transcripts according to certain criteria. We first analyzed IR events. By comparing PSOs and intronic read coverage, we identified a group of 653 introns from 484 genes that had severe IR in fn10a mutants compared with either wild-type controls or fn10a siblings (Supplementary Figure S7 and Table S5 ). We then analyzed the cis-features of the most severely retained introns and found that they appeared to be shorter, with nearly 70% less than 500 bp ( Figure 4D ), and had a higher GC content ( Figure 4E ). In addition, the splicing strength of the three groups (wild-type controls, fn10a siblings, and fn10a mutants) had similar distributions at the 5 motif, but differed at the 3 motif (Figure 4F-G) . The transcriptome-wide decrease of intron-removal efficiency and cis-features of the retained introns were independently confirmed by another biological replicate of RNAseq (Supplementary Figures S8-S9 and Tables S9-S10).
It is known that under certain conditions, some introns are retained to fulfil their physiological functions (46, 55) . A recent report suggests that IR is a widespread, alternative splicing event in mammals. These introns are characterized by higher GC content, shorter length, weaker splice sites and other features (56) . Together, our data further support the idea that cis-features are conserved (except for the 5 splicing strength) from zebrafish to mammals.
We then investigated exon-skipping (ES). We found almost twice as many ES events in fn10a mutants than in wildtype embryos and wild-type fn10 siblings; 2217 ES events were mutant-specific ( Figure 5A ). Using a strategy similar to that for finding IR, we found 632 ES events (in 560 genes) that were differentially expressed in fn10a mutants and controls (Supplementary Table S11 ). To address whether these significantly changed ES events are associated with the decreased splicing efficiency, we calculated the degree of IR around them. As multiple splicing junctions occurred in ES events, read coverage had to be considered in order to clearly estimate the degree of IR. We used 'median coverage of introns divided by median coverage of flanking exons' to represent the IR level in thousandths (multiply by 1000). Interestingly, we found that the IR level was higher around the 632 significantly changed ES events in fn10a mutants (Figure 5B) , suggesting that ES might be an alternative means of alleviating the impact of compromised splicing efficiency in this mutant.
It has been reported recently that many intron-containing transcripts are located in the nucleus of human cells, based on a global transcriptome analysis (57) . To determine the localization of IR transcripts in fn10a mutants, we performed polyA + RNA-seq of nuclear and cytoplasmic fractions from fn10a mutant and wild-type sibling embryos at 36 hpf (Supplementary Figure S10A) . We found that more intronic reads occurred in the nucleus than in the cytoplasm, and the proportion of intronic reads was highest in the mutant nucleus (Supplementary Figure S10B) , consistent with the decrease of splicing efficiency in fn10a mutants. To address whether IR transcripts can be exported to the cytoplasm, we calculated the PSOs of introns in RefSeq genes for all 4 samples using the method described previously. We found a clear decrease of splicing efficiency in the mutant nucleus compared with the wild-type sibling nucleus. Besides, the splicing efficiency in the mutant cytoplasm was also significantly lower than that in wild-type siblings (Wilcoxon test P-value <2.2e-16), confirming the presence of IR transcripts in the cytoplasm (Supplementary Figure  S10C) . We checked the PSOs of the 653 severely retained introns in both the cytoplasm and nucleus; this showed a general trend of decreased splicing efficiency in this mutant For ES events that significantly differed between mutants and controls (n = 651), the local 'intron-retention level' was higher in mutants. The intron retention level was calculated as the median coverage of introns divided by the median coverage of its flanking exons in thousandths; this reflects the degree of intron retention by considering not only junction sites, but also the internal coverage.
in both the cytoplasm and nucleus, only differing in degree (Supplementary Figure S10D-S10E) . Importantly, by testing several IR transcripts with RNAscope in situ hybridization, we found that the intron-containing probes ccnb1 and tardbp were higher in fn10a mutants (Supplementary Figure  S11F' , H') than in wild-type siblings ( Supplementary Figure S11E' , G'), and were located both in the cytoplasm and nucleus in the mutant (Supplemental Figure S11F", H") . Therefore, both RNA-seq and RNA in situ analyses support the notion that IR transcripts can be exported into the cytoplasm, although a large proportion remains in the nucleus of the mutant.
Nonsense-mediated mRNA decay partially counteracts and removes intron-retention and exon-skipping transcripts in fn10a mutants
Since mutation of eftud2 results in large amounts of IR and ES transcripts, we reasoned that the NMD pathway, a prevalent and highly-conserved mechanism in the degradation of aberrant transcripts from zebrafish to mammals (3), might have been activated in fn10a mutants. In the 653 severely-retained introns, 505 induced premature stop codons, making them potential targets for NMD (Supplementary Figure S7 and Table S6 ). Among the 2217 mutantspecific ES events, nearly half (1095) generated premature stop codons upstream of the splicing junction (>55 bp), a feature of potential NMD targets (Supplementary Table S9). We directly detected 242 of these transcripts in the RNA-Seq data from mutant cytoplasmic RNA, suggesting that these mutant-specific isoforms are potential targets of NMD.
The abnormal and abundant IR/ES events in fn10a mutants suggested an unmet need for NMD. In another words, we hypothesized that the NMD mechanism was exploited to its maximum but still could not meet the need in fn10a mutants. If this assumption was true, the endogenous NMD targets would be partially relieved due to competition from other targets of NMD. Thus, we expected that the endogenous genes naturally under NMD regulation would be derepressed, that is, up-regulated in fn10a mutants ( Figure  6A ). To test this hypothesis, we selected two well-known and highly-conserved NMD target genes, mmp30 and atxn1b (58) . Inhibition of Upf1, the key component of NMD, by MO knockdown increased the expression levels of the two natural targets. Second, as we anticipated, qPCR showed that the two genes were also higher in fn10a mutants and eftud2 morphants than in wild-type controls ( Figure 6B ). On the other hand, if we expanded the NMD capacity in the fn10a mutant, aberrant transcripts and natural NMD targets would be degraded more, and we would find a decrease in their expression. It has been reported that overexpression of upf1 partially activates the NMD system (59) . As expected, we found that the elevated expression of atxn1b and mmp30 was reversed by upf1 mRNA injection in eftud2 fn10a mutants ( Figure 6B ). In zebrafish, knockdown of upf1 or other key components of NMD leads to multiple embryonic defects, especially in the brain (38, 60) . Therefore, the saturation of NMD in fn10a mutants presents an interesting phenotype similar to that in upf1-knockdown mutants.
To directly test whether the NMD mechanism is unable to remove the abnormal IR/ES transcripts, we compared the expression levels of IR-or ES-containing transcripts in the cytoplasm between eftud2 morphants and eftud2 morphants over-expressing upf1 mRNA ( Figure 6C-E) . Consistently, we found that either IR or ES events were decreased in the cytoplasm of eftud2 morphants when upf1 mRNA was over-expressed. Together, these data suggest that mutation of eftud2 leads to a disruption of the mRNA splicing pattern, and subsequently creates large amounts of aberrant IR/ES transcripts that overwhelm the capacity of the NMD machinery.
The p53 pathway is activated to mediate neuronal apoptosis in fn10a mutants
To further explore how the splicing deficiency of the transcriptome leads to neural apoptosis in fn10a mutants, we systematically analyzed the 484 genes that contained the 653 most severely-retained introns (Supplementary Table  S6 ). Intriguingly, the most severely intron-retaining genes were significantly enriched in several KEGG pathways, including the cell cycle, the p53 signaling pathway, and the spliceosome. By determining the expression patterns of the genes, we found that several were differentially expressed in Nucleic Acids Research, 2017, Vol. 45 , No. 6 3431 Figure 6 . The endogenous NMD mechanism is compromised due to genome-wide deficiency of mRNA splicing in fn10a mutants. (A) Schematic of normal NMD and its targets in wild-type (WT) embryos, and abnormal NMD and its overload of targets in eftud2 fn10a mutants. It is hypothesized that mRNA splicing-deficiency leads to abnormal numbers of new NMD targets and so this saturated capacity of NMD de-represses natural NMD targets. (B) Derepression of two known natural NMD targets (atxn1b and mmp30) in upf1 morphants (wt-upf1 MO) and eftud2 fn10a mutants (mt) compared with wild-type siblings (wt) or wild-type siblings injected with upf1 mRNA (wt-upf1 mRNA); the elevated expression of atxn1b and mmp30 was reversed by upf1 mRNA injection in eftud2 fn10a mutants (n ≥ 3). (C) Exon-skipped transcripts (lower bands) of mier1a, mlh1 and ttc8 accumulated in the cytoplasm of eftud2 morphants at 36 hpf; and the percentage of defective transcripts decreased in eftud2 morphants over-expressing upf1 mRNA. (D) Statistics of the exonskipping ratios of mier1a, mlh1, and ttc8 in wild-type control (wt con), eftud2 morphants and eftud2 morphants with upf1 mRNA injection at 36 hpf. (E) Retained introns of card9, her4.2 and ube2ia accumulated in the cytoplasm of eftud2 morphants at 36 hpf; these were decreased in eftud2 morphants with upf1 mRNA injection. *P <0.05; **P <0.01; ***P <0.001 (t-test).
fn10a mutants and wild-type embryos, and these genes were enriched in two KEGG pathways, the spliceosome and the p53 signaling pathway ( Figure 7A,B) . qRT-PCR assays further validated the increased expression of seven genes in the p53 pathway ( Figure 7C ).
We then asked whether the activated p53 pathway indeed contributed to neuronal apoptosis in fn10a mutants. Knockdown of p53 with an antisense p53 MO partly or completely suppressed the apoptotic neural progenitors in fn10a mutants ( Figure 7D) . Half of the fn10a mutant embryos (25/50) had no apoptosis signal and most of the rest (21/50) had a reduced signal, suggesting p53-dependent apoptosis in this mutant.
We next sought methods to rescue or at least alleviate the 'IR/ES transcript stress' by removing the transcripts as much as possible. As previously described, over-expression of upf1 partially activates the NMD system (59) . At the level of 230 pg/embryo, injection of upf1 mRNA raised its ectopic expression level to 15-to 50-fold that in wild-type embryos (data not shown). Indeed, over-expression of upf1 by injection of upf1 mRNA into eftud2 morphants was able to suppress p53 activation ( Figure 7E ), suggesting that a compromised NMD mechanism at least partly contributed to the presence of large amounts of IR/ES transcripts. Considering the proportion of IR/ES transcripts between cytoplasm and nucleus (Supplementary Figures S10 and S11 ), we found a partial rescue in mutants over-expressing upf1, since NMD cannot eradicate IR/ES transcripts in the nucleus. In summary, we propose that the non-degraded aberrant transcripts impose particular stress on neural progenitors, activate the p53 signaling pathway, and then promote apoptosis.
DISCUSSION
In this study, we identified the defective gene eftud2 in the zebrafish fn10a mutant by positional cloning, and demonstrated that this mutation led to the abnormal accumulation of mitotic neural progenitors and their apoptosis, while eftud2 was broadly expressed before 36 hpf but enriched in the CNS later in development. Further RNA-seq and functional analyses revealed that the presence of large numbers of aberrant IR/ES transcripts and activation of the p53 pathway contributed to neural apoptosis in this mutant. This work is consistent with a recent descriptive report on neuronal apoptosis in a TALEN-induced eftud2 mutant in zebrafish (61), but our work has gained molecular insights into how a general mRNA splicing factor plays a rather restricted role in neural progenitor development by mod- Note that ∼50% of p53MO-injected fn10a mutants had no TUNEL signals and ∼42% had fewer TUNEL signals. (E) Over-expression of upf1 mRNA partially reduced p53 expression in eftud2 morphants while it had no effect on p53 expression in wild-type embryos (n = 5).
ulating RNA splicing and p53-dependent apoptosis. Taken together, we have not only determined the function of eftud2 in neural progenitor development but have also established a suitable vertebrate model for further deciphering the molecular pathology of MFDGA caused by haploinsufficiency of EFTUD2.
Since the majority of genes in vertebrates have multiple exons, improper splicing would lead to cellular dysfunction and various disease states. Disruption of either a particular splicing boundary or malfunctional splicing machinery are closely linked with pathological conditions (62) (63) (64) . MFDGA (OMIM number 610536) is also called mandibulofacial dysostosis with microcephaly (65) .
Nucleic Acids Research, 2017, Vol. 45, No. 6 3433 MFDGA patients suffer mainly from craniofacial and neurological defects, and from other developmental issues at lower frequencies. Mutations in EFTUD2 were initially found in these patients through whole-exome sequencing (17) , and more have been identified (15, 16, 66) . However, it was not clear how mutations of EFTUD2 in MFDGA cause craniofacial and neurological abnormalities.
Here, we found that eftud2 was broadly expressed in zebrafish at earlier stages (before 36 hpf), and then was highly concentrated in the brain, consistent with previous reports that Eftud2 is highly expressed in the ventricular zone of the forebrain of mouse embryos (15) and eftud2 is enriched in the brain in zebrafish (61) . The ventricular zone of the forebrain harbors numerous neural progenitor cells, suggesting an essential role of Eftud2 in CNS development. In zebrafish eftud2 fn10a mutants, mutation of the human ortholog of eftud2 leads to primary apoptosis and abnormal proliferation of Sox2 + and Ngn1 + neuronal progenitors, and a subsequent deficiency of differentiated neurons. Neurons are generated from self-renewing progenitors residing in the ventricular zone of the developing CNS (24, 67) . Sox2 is restricted to neural progenitors and is essential for maintaining the cell fate of neuronal progenitors, since inhibition of Sox2 compromises neural progenitor differentiation (27, 68) . In this study, Sox2 was broadly expressed in the neural tube but not restricted to the ventricular zone during development, suggesting that the fate and differentiation of neural progenitors were abolished in fn10a mutants, which could explain the increased concentration of mitotic Sox2 + neuronal progenitors in the CNS of this mutant. The delayed brain development in fn10a mutants is likely due to disruption of neuronal differentiation from progenitors. Therefore, we have established an animal model, the zebrafish eftud2 fn10a mutant, and determined the function of eftud2 in neuronal development. Our work provides the first experimental evidence of eftud2 function in apoptosis and proliferation of neural progenitors, and this serves as a guide for further determining how mutation of EFTUD2 causes neurological phenotypes in MFDGA patients.
p53 plays an important role in the balance between neuronal proliferation and cell death during development (69) . Here, we have shown that p53-dependent cell death of neural progenitors is caused by eftud2 deficiency in zebrafish fn10a mutants. On the other hand, we found a broad transcriptional increase of p53 in fn10a mutant embryos by whole-mount RNA in situ analysis (data not show). Therefore, we were puzzled by why only the CNS responds to the up-regulation of p53 in fn10a mutants. Our data show that some IR transcripts such as ccnb1 and tardbp are enriched in the mutant brain, consistent with its defects in the CNS. Several studies have shown that neural progenitors are highly sensitive to apoptosis in a p53-dependent manner (70) (71) (72) . Previous studies on splicing factors have also demonstrated that mutations of some core spliceosomal factors lead to tissue-specific defects, especially in p53-dependent cell death in the CNS (42, (73) (74) (75) (76) (77) (78) . However, the underlying mechanism has yet to be addressed.
Previous studies have identified many mutations in components or regulators of spliceosomes which can cause abnormal transcriptomes and mutant phenotypes (79) (80) (81) . In fn10a mutants, we found a transcriptome-wide decrease in splicing efficiency (intron retention and exon skipping), making them harder to remove. The consequence was not universal among introns but made a specific set more difficult to splice out. The severely-retained introns tended to be shorter and had a higher GC content. It has been reported that RNA Pol II pausing might contribute to IR since RNA Pol II and spliceosomes compete for space (82) . As a higher GC content can hinder the speed of RNA Pol II elongation and so intensify the competition, a shorter intron length would worsen the scenario. Besides, RNA Pol II pauses to wait for checkpoint signals at 3 splicing sites (83) , therefore a weaker 3 splicing strength would decrease splicing efficiency, making the checkpoint even tougher. This 'intron retention code' is consistent with a recent study on naturallyretained introns in human cells (56) , suggesting a tendency toward retention for a large proportion of introns, which could be unleashed when the spliceosome is disturbed. The genes containing severely-retained introns also have several characteristics as they are enriched in the cell cycle, the p53 pathway, and the spliceosome. In addition to IR, a set of genes in the p53 pathway is also differentially expressed, highlighting a crucial role of activation of this pathway, due to splicing deficiency and IRs, and subsequently causing fn10a mutant phenotypes, such as apoptosis in the CNS.
For a long time, IR has been taken as a rare form of alternative splicing (45) . However, a recent study has identified widespread IRs at the level of half of all introns in the human and mouse genomes, supporting the notion that IR plays an important role in regulating the transcriptome (56) . Functionally, IR regulates several biological processes, such as granulocyte differentiation and neuronal development (46, 55) . By inducing premature stop codons into transcripts, IR often makes mRNA vulnerable to the NMD mechanism, which degrades the mRNA to prevent the production of truncated or malformed proteins. The magnitude of NMD has been reported to decrease during neural development, permitting the increased expression of several natural NMD targets and then undergoing a cell-fate transition from proliferation to differentiation (41, 84) . In zebrafish, knocking down any of the main components of the NMD machinery leads to abnormal development, including necrosis and apoptosis in the brain (38, 60) . We thus speculate that the CNS is more susceptible to NMD defects. When eftud2 is mutated in fn10a, the globally-affected transcriptome has major effects on the most vulnerable organ, the CNS, and leads to neuronal apoptosis. The partial suppression of p53 by over-expression of upf1 in fn10a mutants suggests a potential link from splicing deficiency, through IR/ES, to p53 activation. Regarding the relatively modest effect of over-expressed upf1 on p53 expression, it is also possible that modest activation of the NMD system by merely over-expressing upf1 and NMD-independent mechanism(s) could also be involved in the regulation. The data for partial rescue ( Figure 7E) , together with the case studies ( Figure 6C-E) , suggest an association between abnormal splicing, NMD, and the p53 pathway. Therefore, controlling the level of IR/ES transcripts by enhancing splicing efficiency or NMD capacity deserves exploration as a potential intervention for MFDGA patients.
